We examined the adaptation of the postural response to repeated predictable platform oscillations. Our main goals were to determine whether the short-term changes that occurred during a minute long continuous postural perturbation trial were maintained in subsequent trials and to determine how many trials were required before participants fully adapted to the postural task. Ten participants performed ten minute-long postural trials on a platform that oscillated at 0.25 Hz before increasing to 0.50 Hz half way through each trial. Postural muscle onset latencies, burst amplitudes, and anterior posterior displacements of the center of pressure (COP) and center of mass (COM) were calculated for the last five cycles performed in each trial at 0.50 Hz. The postural strategy evolved in two phases: 1) immediate decrease in COP displacement; 2) earlier activation of the postural muscles with smaller muscle burst amplitudes. After seven trials the postural response remained consistent.
Introduction
Postural stability is maintained during externally initiated perturbations through modifications of the postural muscle activity and center of pressure (COP) displacement [1] [2] [3] [4] . These changes allow effective control of postural stability in novel conditions; however, they may be initially inefficient, requiring a high level of tibialis anterior (TA) and soleus (Sol) muscle activity [5] . With further experience short-term adaptation occurs, allowing the participants to tailor their postural response to meet the requirements of the environmental and internal variables [6, 7] .
In discrete postural perturbations experience provides participants with performance feedback resulting in activation of postural muscles earlier in advance of the perturbation and at smaller muscle burst amplitudes [8] . Postural adaptation also occurs during continuous, sinusoidal oscillations of the platform [5, [9] [10] [11] . In this type of recurrent, continual perturbation the postural response evolves rapidly to meet the environmental requirements. In fact, within only 3 to 5 sinusoidal platform oscillations young healthy adults transition from a reactive to an anticipatory postural response [10, 11] .
It is clear that short-term changes occur during both discrete and continuous postural perturbations; however it has not been determined whether the rapid changes that occur during one postural trial are maintained in the steady state postural response of subsequent trials. To address this question we examined how postural muscle activity, center of mass and center of pressure displacement changed over the steady state of 10 distinct continuous postural trials. The secondary aim of this study was to determine how many trials were required for the participant to reach a stable and consistent postural response. We hypothesized that it would take several trials for the postural response to reach this point and that once the response was stabilized; the ankle muscles would be consistently activated earlier in anticipation of the postural perturbation with smaller muscle burst amplitudes [8] . Since the COM is a priority variable in dynamic postural control [12] , we hypothesized that it would be maintained while the COP displacement adapted to meet the environmental and task requirements.
10.4 kg; women height 166.7 ± 17.7 cm, weight 57.6 ± 9.4 kg) with no neurological impairment or history of serious injury that prevented them from participating in sport for more than 6 months gave informed consent to participate in this study. Elite athletes (collegiate level or higher) and dancers (participation more than four times/ week) were excluded from the sample. The experimental procedures were approved by the ethics board at the University of Ottawa and were performed in accordance with the Tri-Council Policy Statement [13] .
Measurement Devices
Data from seven VICON cameras (Vicon Peak, Oxford, UK) and thirty-six retro-reflective markers, placed on anatomical landmarks and on four corners of the force plate, were used to estimate the position of the center of mass (COM) and the platform during the postural trials. A movable platform instrumented with a Kistler force plate (Type 9286, Kistler Instrument Corp, New York, USA) was used to record the ground reaction forces at 500 Hz during the postural trials (Nexus, Vicon Peak, Oxford, UK). Kinematic data were recorded at 200 Hz.
Surface electrodes (Myomonitor Wireless Delsys EMG system, Boston, USA) recorded electromyographical (EMG) activity from the gastrocnemius medialis (GM), biceps femoris (BF), tibialis anterior (TA) and rectus femoris (RF) in accordance with SENIAM recommendations [14] . A ground electrode was placed on the patella. The EMG signals were pre-amplified, sampled at 1000 Hz and full wave rectified. 
Procedure

Data Analysis
The VICON Plug-in Gait biomechanical model, combined with anthropometric measurements and kinematic data, was used to estimate the forward and backward displacement of the center of mass (COM). The anterior/ posterior movement of the platform was subtracted from the COM data in order to provide a true representation of COM displacement relative to the base of support. Ground reaction forces were used to estimate the maximum anterior/posterior COP displacement.
Muscle burst onsets were determined using a two standard deviation threshold derived from the quiet stance period that occurred before every trial. Once the thresholds were identified (BioProc version 3.06, D.G.E. Robertson), muscle onset latencies were visually coded relative to the start of the forward or backward platform translations. Muscle onsets occurring in anticipation of the platform movement were coded as negative. Dynamic responses had to be recorded in at least 25% of the directionally specific oscillations in order to be included in calculations of group muscle onset latencies.
The COM and COP displacement, muscle onset latency and amplitude of the TA, GM, RF and BF were analyzed for the first (T1), third (T3), fifth (T5), seventh (T7) and tenth (T10) trials. In each trial, the values for the last five cycles at 0.50 Hz were averaged [10] . Data were ensemble averaged across participants in each of the time periods and reported for forward and backward platform translations separately.
Measurement Devices
Repeated measures analyses of variance (ANOVA) tests were used to determine whether COP and COM displacement and muscle burst amplitudes adapted with experience following forward and backward oscillations. Posthoc analyses performed with Tukey corrections were used to determine the point at which no further adaptation occurred. Muscle onset latencies of the four postural muscles were not normally distributed so significant differences between trials were determined using nonparametric Wilcoxan sign-ranked tests.
Results
COM and COP Displacement
The COM displacement did not adapt over the 10 postural trials for the forwards (F (4, 36) = 0.654, p > 0.05) or backwards (F (4, 36) = 0.345, p > 0.05) oscillations (data not shown). There was, however, a main effect of trial for the COP displacement in response to the forwards (F (4, 36) = 5.34, p < 0.05) and backwards (F (4, 36) = 4.02, p < 0.05) oscillations (Figure 1) . Post-hoc analysis revealed that in forward direction the COP displacement decreased from 305.0 ± 5.6 mm at T1 to 288.1 ± 3.8 mm at T3 (p = 0.002). The COP displacement then stabilized, showing no significant adaptation between T3 and T5 (p = 0.387), T5 and T7 (p = 0.775) or T7 and T10 (p = 0.625) (Figure 1) . In the backwards direction the COP displacement decreased (F (4, 36) = 4.02, p < 0.05) from 296.0 ± 5.5 at T1 to 285.0 ± 5.6 at T3 (p = 0.045) and again to 275.1 ± 3.9 at T5 (p = 0.043). After this point the COP displacement did not change further (T5 to T7 p = 0.318 and T7 to T10 
Muscle Burst Amplitude
The TA muscle burst amplitude adapted to the postural task over the first five trials (F (4, 36) = 20.268, p < 0.05) with a significant decrease between the amplitude found at T1 and T3 (p = 0.01) and between T3 and T5 (p = 0.019). There was no further decrease between T5 and T7 (p = 0.053) or T7 and T10 (p = 0.686). The muscle burst amplitude of the GM also adapted throughout the postural trials (F (4, 36) =10.133, p < 0.05), decreasing significantly between T1 and T3 (p = 0.001). There was no further decrease between T3 and T5 (p = 0.299), T5 and T7 (p = 0.21) or T7 and T10 (p = 0.274). The RF muscle burst amplitudes, which were only assessed for trials T1, T5, T7 and T10, showed a significant main effect of adaptation (F (3, 27) = 3.294, p < 0.05); however, post-hoc analysis did not reveal any specific locations of change throughout the 10 minute training period. The BF muscle amplitude, assessed for T1, T7 and T10, also showed a significant main effect of adaptation (F (2, 18), 3.805, p < 0.05). Post-hoc analysis did not reveal any specific location of change between these time points.
Muscle Onset Latency
The TA muscle onset latency adapted to the postural task over 10 trials (X 2 (4, 10) = 12.12, p < 0.05). There was no change between T1 and T3 (p = 0.385) or T3 and T5 (p = 0.58); however, the TA was activated significantly earlier at T7 than it was at T5 (p = 0.017) with no further change in the onset latency between T7 and T10 (p = 0.35). The GM muscle onset latency also adapted to the postural task (X 2 (4, 10) = 7.2, p < 0.05). There was no difference between the onset latency found at T1 and T3 (p = 0.110) but the GM muscle was activated significantly earlier at T5 than it was at T3 (p = 0.041). After this point there was no further change in the GM muscle onset latency (T5 and T7 p = 0.929, T7 and T10 p = 0.859) (Figure 2) . Due to the infrequent muscle bursts, statistical analysis was only performed on the RF muscle onset latency at T1, T5, T7 and T10 and on the BF muscle onset latency at T1, T7 and T10. Adaptation did not occur over these time points for either the RF (X 2 (3, 3) = 7.4, p > 0.05) or BF (X 2 (4, 2) = 1.5, p > 0.05).
Discussion
The aim of this study was to determine how the postural response adapted to meet the requirements of the motor task as well as to establish the point at which the motor task no longer changed with further experience. The hypothesis that the COM displacement would be maintained was based on previous research showing that the COM displacement is a performance variable that is preferentially controlled using muscle activity and individual joint motion in postural tasks [5, 15] . The data from the present study confirmed our hypothesis, showing no change in the COM displacement over the 10 postural trials. We also hypothesized that with experience the COP displacement and muscle activity would be progressively modified to maintain control of the COM in a more efficient way. Data from this study confirmed our hypothesis, showing a progressive adaption of the postural response throughout the first seven trials, after which point it no longer evolved. This adaptation process occurred in two phases beginning with a decrease in the COP displacement (Figure 1) , followed by an earlier activation of the postural muscles at a smaller muscle burst amplitude (Figure 2) . This process is well described by the modified systems theory in which the participant initially constrains the body's degrees of freedom to improve motor control. Practice then optimizes the movement, improving the efficiency and adaptability of the task, allowing the participant to take advantage of the increased degrees of freedom [7] .
At the start of the first phase the COP displacement was quiet large; however, the transition towards a more conservative postural response occurred rapidly, causing a significant decrease in the COP displacement between the first and third postural trials in both the forward and backwards directions. Similar to the temporal evolution of the postural kinetics found in previous research [16] , the COP displacement measured in this study reached a stable level after 5 postural trials. After these initial changes the COP displacement no longer evolved with further experience, marking the end of the first phase of postural adaptation.
In the second phase of adaptation the postural response became more energy efficient. The postural muscles were recruited progressively earlier during this phase, reaching a stable level after 7 oscillations in the forward direction and 5 in backwards direction (Figure 2) . Interestingly, these muscles were activated with smaller muscle burst amplitudes than were used in the first phase of adaptation (data not shown). Previous research has shown a similar decrease in the burst amplitude of the postural muscles as participants become more experienced with discrete [8] and continuous [5] postural perturbations, although no one has examined the evolution of the postural response from one continuous postural trial to the next. We postulate that these changes in muscle activity represent the optimization of the postural response to avoid fatigue and/or to reduce the expenditure of energy required for the task [7] .
In conclusion, the data from this study demonstrated that young healthy participants transferred the experience gained in one postural trial to subsequent trials. With experience the COP displacement decreased and the postural muscles were activated earlier in anticipation of the perturbation with smaller muscle burst amplitudes. After seven, minute long trials, the anticipatory postural response no longer evolved with further experience. Experimental manipulations of factors influencing postural control, such as augmented feedback and/or fatigue, should be performed after this point to ensure that the postural changes found in the performance of the motor task are due to the experimental manipulation and not to the adaptation process.
